Ab initio values of Nitrogen l4 N Nuclear Quadrupole Coupling Constants (NQCC's) are calculated for a series of methyl-substituted azoles in the Multiconfigurational SCF (MCSCF) approximation. The four triazoles and two tetrazoles studied here are all isoelectronic. This enabled us to use the same level of approximation -basis set and active space -for all the molecules. The computed NQCC's are used to estimate the relative widths of the U N NMR signals, assuming an identical effect of molecular tumbling for all the nuclei in a molecule and neglecting solvent effects. The linewidths for the unsubstituted N atoms are, in agreement with experiment, much larger than for the methyl-substituted N atom. For the 1-methyl-tetrazole we present also the NMR shielding and spin-spin coupling constants and discuss in some more detail the dependence of all calculated NMR properties on the basis set and correlation effects.
Introduction
In recent years, noticeable progress has been made in ab initio calculations of the molecular properties that characterise NMR spectra. With the application of magnetic gauge-origin independent methods, the determination of ever more accurate shielding constants has become possible. Using linear response approaches which include the effects of electron correlation, also the calculation of spin-spin coupling constants has become feasible.
The calculation of Nuclear Quadrupole Coupling Constants (NQCC's) is in principle simpler than the calculation of the shieldings or spin-spin coupling constants, since it requires only the knowledge of the unperturbed wave function. For each nucleus, the NQC tensor is proportional to the Electric Field Gradient (EFG) and to the quadrupole moment of the nucleus. For small molecules, the measurement of * Presented at the XlVth International Symposium on Nuclear Quadrupole Interactions, Pisa, Italy, July 20-25, 1997. Reprint requests to Antonio Rizzo; Fax: +39 50 502240, E-mail: rizzo@hal.icqem.pi.cnr.it. the NQCC's coupled to the extremely accurate calculation of the EFG has been used to determine the value of the Nuclear Quadrupole Moment [1 -3] . In some cases, also the dependence on rovibrational levels [4] or a perturbing electric field -simulating the environment in a crystal [5] -was studied.
A variety of ab initio methods which include correlation effects may nowadays be applied to compute NQCC's for polyatomic systems. The following relatively short list is intended to illustrate some recent applications. Palmer's studies have involved the SCF and M0ller-Plesset Second Order Perturbation Theory (MP2) calculation of NQCC's in a number of molecular systems [6 -10] . NQCC's of various nuclei have been studied using the M0ller-Plesset Fourth Order Perturbation Theory including Singles, Doubles and Quadruples (MP4(SDQ)) by Huber and co-workers [11] [12] [13] [14] , Recently, Density Functional Theory (DFT) techniques were used to compute the NQCC's (see e.g. [15, 16] ). Different methods have been compared in calculations of formamide [17] , For the l4 N NQCC's, it was observed that MP2 overshoots the correlation effects when compared with presumably more accurate Coupled Cluster with Double substitutions (CCD, also known as QCID) [ 18] , and Quadratic 0932-0784 / 98 / 374-0370 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen 4-methyl-1,2,4-triazole CI (QCISD) [ 19] values, while various Restricted Active Space SCF (RASSCF) [20] results yield a smaller correlation correction (see also [10] for results for formamide). Ab initio calculations of NQCC's have also been performed recently on molecular clusters [21, 22] at the SCF level of theory, and on solids, by Schwartz and co-workers employing DFT [23] , and by Palmer within the SCF approximation [24 -26] , Cremer and Kruger [27] compared calculated EFG and measured NQCC's for a series of molecules -both small and large -containing 14 N. Using the more accurate results for small molecules, they determined an "effective quadrupole moment" for 14 N, which they applied to correct the results for larger systems. Similar scaling has been sometimes used for 14 N by other authors, see e. g. [6] .
Different ab initio methods have their advantages and drawbacks in the calculation of NQCC's. In direct SCF calculations very large basis sets can be used; we exploit this feature here. The advantage of variational methods including correlation effects, like Multiconfigurational SCF (MCSCF), is that the EFG tensor is computed as the average value of an operator. In non variational methods, like CCD or Coupled Clusters including Singles and Doubles (CCSD) [28] , more complicated equations must be solved, essentially amounting to derivative calculations. On the other hand, even for a molecule of the size of an azole, it is not simple to obtain a balanced description of all the correlation effects in the wavefunction within MCSCF, whereas perturbation theory methods do not favour any chosen orbitals. This may be relevant in a study of properties related to specific atoms. It appears that dynamic correlation effects, usually not easy to describe in MCSCF, are not too important for properties related to nuclear spin such as NMR properties dependent primarily on the electron density close to the nucleus.
Although accurate calculation of EFG's requires the use of correlated wave functions and large basis sets, the main problem often lies in the comparison with experiment. Nuclear Quadrupole Resonance measurements for solids may yield direct information on the EFG tensor, but the difference between a molecule in the solid and the same isolated molecule may be significant. In a standard NMR experiment in solution or in a liquid, the linewidth of the signal depends upon the NQCC's. However it also depends on the molecular tumbling, and extracting accurate information on the EFG tensors from the measured linewidths may be difficult. Accurate experimental results suitable for direct comparison with ab initio values are obtained mainly from microwave spectroscopy.
Here we obtain the NQCC's of the l4 N nuclei of six triazoles and tetrazoles by computing the EFG tensor with MCSCF wave functions. The molecules are:
1 -methyl-tetrazole; 2-methyl-tetrazole; 1 -methyl-1,2,3-triazole; 2-methyl-1,2,3-triazole; 1 -methyl-1,2,4-triazole; 4-methyl-1,2,4-triazole.
Both the molecules and the numbering of the relevant atoms are shown in Figure 1 .
For 1-methyl-tetrazole we have studied in some detail the role of various approximations in the MC-SCF wavefunction, and in addition we have employed also MP2. A selected basis set and RASSCF active space were used for all the other molecules. Finally we compare the measured and computed ratio of the quadrupolar relaxation rates for all the Nitrogen atoms.
Relatively old experimental data [29, 30] for the signal linewidths and semiempirical estimates [30] are available for these systems. These estimates are based on the use of the INDO method to obtain bondorder and charge-density matrix elements and of the Townes and Dailey approach [31 ] to compute the EFG tensors. With the exception of the SCF calculations of Palmer et al. [6] for the two tetrazoles, there are to our knowledge no more recent ab initio NQCC data for these molecules.
For the 1-methyl-tetrazole system we also present results for the chemical shielding and spin-spin coupling constants (involving 15 N). Although different perturbing operators describe various NMR properties, they all probe the electron density close to the nuclei. Therefore it is of interest to see how accurately all these properties -NQCC's, shielding constants and spin-spin couplings -can be reproduced with the same reference MCSCF wavefunction.
In the calculation of the shielding constants we use the Gauge Including Atomic Orbitals (GIAO's), also known as London Atomic Orbitals (LAO's) [32] . The formulation we use is valid for arbitrary approximations to the wave function [33] . GIAO's ensure the gauge invariance of the results of magnetic properties, as well as improving basis set convergence [34] , For the indirect spin-spin coupling constants we have included all coupling mechanisms (Fermi contact -FC, spin-dipole -SD, paramagnetic spin-orbit -PSO -and diamagnetic spin-orbit -DSO) in the calculation [35, 36] . We have calculated all the coupling constants, but we discuss here only those for which experimental data are available for comparison.
Theory

14 N NMR linewidths and NQCC tensors
In ,4 N NMR spectroscopy the quadrupolar moment of i4 N and the resulting signal broadening has always been partly a problem, and partly a way to obtain information on the electronic structure of the molecule. The quadrupolar relaxation rates of 14 N nuclei, and the corresponding signal widths, depend on the EFG at the nuclei and on the molecular rotations. Assuming an approximate description of the molecular tumbling and calculating accurate values of the EFG at the nuclei, the signal width in a given molecule can be determined.
We follow the usual assumptions (see e. g. Abragam [37] ), and, being interested in relative widths of l4 N NMR spectra, we assume isotropic rotation and that the system is described by a single value of the correlation time. Thus for a given nucleus [37] 1 _ 3 27 + 3
where T q is the quadrupolar relaxation time, I the nuclear spin, eQ the nuclear quadrupole moment and 
where by definition
and r c is the correlation time. Equation (1) is valid in the extremely narrowing regime, which is perfectly adequate for small molecules in non-viscous fluids [37] , Within this set of assumptions the linewidths are proportional to 1 /T q . The ratio of the quadrupolar relaxation rates given in Tables II and III has been obtained from (1). Since 1 < l+ 77 2 /3 <4/3, these ratios are approximately proportional to the square of the ratio of the corresponding NQCC's.
Computational Details
All the MCSCF calculations were performed using the DALTON program [38] , which was also employed to obtain the Linear Response [39, 40] results for the chemical shieldings and spin-spin coupling constants presented below. The MP2, CCD and QCISD calculations were performed with GAUSSIAN 94 [41] .
Geometries were fully optimised at MP2 level using a 6-31G** basis set [42, 43] , For all the molecules we have assumed C s symmetry. For 1-methyl-tetrazole we have calculated NQCC's for two optimised geometries, corresponding to different arrangement (a 180° rotation) of the methyl group, and found that there is almost no effect on any of the l4 N quadrupole coupling constants. In two of the molecules, pairs of N atoms differ only due to the chosen arrangement of the methyl group. Since the calculated NQCC differences are also very small, we have not analysed further the effect of the rotation of the methyl group.
Several sets were employed to study the basis set dependence at SCF level of the properties of the reference system, the 1-methyl-tetrazole. These included the so-called HII, Hill and HIV sets devised by Huzinaga [44] :
• [28] . This and our SCF study of 1-methyl-tetrazole (Table  II) , together with size and computer cost considerations, appeared to be convincing arguments to employ Huzinaga's HII set for all our electron correlated calculations.
Another option in calculations of the NQCC tensor of a single atom is to use locally dense basis sets [12] , but we are interested here in relative linewidths, and in such case it is preferable to run the calculation for all the atoms at the same time.
The occupied SCF orbitals are (in C s symmetry) 18 A' and 4 A" for all molecules. Four Restricted Active Spaces were employed in the calculations for the 1-methyl-tetrazole. In the following, the notation (AT; / AT a ) / (nf, nf / n& sl , S1 / n^S 2 , s2 / n RAS3' n RAS3) be employed to denote how the N i inactive and N a active electrons are divided within the inactive (i), RAS1, RAS2 and RAS3 spaces. n[ indicates the number of orbitals of symmetry r in the subspace k.
• RAS-A: (20 / 24) / (10, 0 / 8, 0 / 0, 6 / 6, 0). The corresponding CI expansion included ca. 1.25 million determinants.
• RAS-B: (28 / 16) / (14, 0 / 4, 0 / 0, 6 / 6, 0). 320000 determinants. RAS-B was employed only in some calculations of spin-spin coupling constants.
• RAS-C: (22 / 22) / (10, 1 / 8, 0 / 0, 5 / 8, 0). 960000 determinants.
• RAS-D: (22 / 22) / (10, 0 / 8, 0 / 0, 5 / 8, 1). We observe that the extra orbital of A" symmetry in RAS3 was mainly localised on Nl. The number of determinants is about 1 million.
A maximum of two holes were allowed in subspace RAS1, while a maximum of two electrons was allowed in subspace RAS3. Of the four wavefunctions described above, only RAS-A was employed in the electron correlated calculations of the NQCC's of the remaining five azoles. RAS-A was also used to compute the chemical shieldings and the dominant contributions to the spin-spin couplings of 1-methyltetrazole.
Results and Discussion
A comparison of various results for 1-methyltetrazole is shown in Table I . For each N atom, the last Table I. 14 N NQCC tensors in 1-methyl-tetrazole (MHz) [6] This Table 3 of [61 and rearranged the last two tabulated components for the reference data, N4 atom.
component given is the IT component of the tensor, one of the principal axes being perpendicular to the plane of the ring. We first compare the SCF results. Even our smallest HII basis set (156 CGTO's) is larger than used in 1980 by Palmer et al. [6] ; the largest HIV basis includes 382 CGTO's. Nevertheless, as shown, all the values for NI, N2 and N4 are in good agreement, only for N3 the differences are larger. The differences are not only due to the choice of basis set, since our and the [6] calculations are performed for different geometries.
For all the Vcomponents of all atoms, the correlation corrections obtained in MP2 and RAS-A approximations have the same sign. They are also always somewhat larger in MP2 than in RAS-A. Considering other numerical results (see e.g.
14 N in formamide [17] , discussed above), we expect that MP2 overestimates and RAS-A underestimates slightly the influence of electron correlation. Correlation effects reduce the largest V zz components for all the atoms. The effect is relatively small, approximately 10% for each atom. We may thus assume that further improvements in the description of electron correlations would not change very significantly the calculated NQCC's. We have compared the orientation of principal axes in different calculations. The variations were also not very significant and somewhat larger for N3 than for other atoms, when correlation effects were included. The relative linewidths of 14 N signals computed for 1-methyl-tetrazole are shown in Table II . The linewidths of N1 is chosen to be 1. Again, the SCF results are similar in all the calculations for N1, N2, and N4. The difference for N3 is larger than seen for the NQCC, due to the approximate V 2
2
. dependence. The RAS-A, RAS-C, and MP2 results are very similar. In the RAS-D wavefunction we add to the active space a predominantly NI-based orbital, and thus mainly the linewidth for N1 is modified. We note that, in general, the increase of the basis set leads to an increase of the calculated relative linewidths of N2, N3, and N4. The effect of correlation is opposite, which usually means that there is, to some degree, a useful cancellation of errors. Finally, the RAS-A wavefunction, which was chosen for the study of the other azoles, yields results very similar to MP2. Both a CCD and a QCISD calculation -in the 6-31G** basis set -furnished results close to those obtained with the RAS-A or MP2 approximations, indicating stability of the results. The computational complexity of CCD and QCISD and the limitations of our current hardware didn't allow the use of larger basis sets, and even with the 6-31G** set a selection of the orbitals had to be done in order to make the QCISD calculation feasible. We have also performed test calculations using four different MC-SCF wavefunctions for 1-methyl-1,2,3-triazole, and the variations of the results are similar to those displayed in Table II. For the other azoles we discuss only the NMR signal linewidths, since there are no experimental data for their NQCC's. The calculated linewidths for all the 14 N signals in the azoles studied here are shown in Table III . The available experimental data we quote are from the end of the seventies [29, 30] . We do not include in the tables their fairly large error bars (see [29, 30] ). More recent and precise data [45] indicate (a) Experimental data from [30] and [29] . Basis set is Huzinaga's HII.
that even more important for comparison with ab initio calculations is the very strong solvent dependence of the observed linewidths. It appears that the changes of the experimental results with the solvent may be on the order of 20 -30%, and therefore we are not going to analyse in detail the differences between our and experimental values for the unsubstituted N atoms. We note good agreement of most of the calculated and experimental values. Considering this and the stability of the results for 1-methyl-tetrazole shown in Table II , we may assume that the largest discrepancies (N4 in 1-methyl-tetrazole and N2, N3 in 1-methyl-1,2,3-triazole) probably reflect inaccuracies of the experiment or solvent effects rather than inadequacy of our calculation of NQCC's. Our results for the chemical shieldings and for the spin-spin coupling constants in 1-methyl-tetrazole are shown in Tables IV and V. It can be seen from Table  IV that for all the groups of atoms -N, C and H -, the calculated shielding differences (relative shifts) are in much better agreement with experiment [46] than the individual values. This indicates that the discrepancies are partly due to the conversion from the chemical shift to absolute shielding scale. Moreover, studies of the solvent dependence of the Nitrogen shielding [45] (including 1-methyl-tetrazole) indicate that variations of more than 10 ppm can be observed in going from one solvent to another. It appears that for N2, N3, and N4 the results are within this range of accuracy, and only the deviation for the methyl-substituted N1 atom is somewhat larger.
The spin-spin coupling constants have been obtained from two calculations. The most important FC contribution (and the simple DSO contribution) have been obtained using both the RAS-A and RAS-B wavefunctions, and we use the values of the RAS-A approximation. The PSO and SD terms, which are much smaller and at the same time much more difficult to compute, were calculated only with the simpler RAS-B wavefunction. The results shown in Table V are in satisfying agreement with experiment. In addition, we can compare the FC contributions from the two calculations, and we find that the differences between RAS-A and RAS-B are important mainly for 1 J(C Me -Nl), 2 J(Nl-H Me ) and 2 J(C Me -C5). For each of these constants the step from RAS-B to RAS-A is an improvement, and extrapolation would bring the results into better agreement with experiment [46] .
The overall accuracy of the shielding and spinspin coupling constants seems to be satisfying. For a molecule of the size of 1-methyl-tetrazole, one can hardly expect much better results. Moreover, the experimental data refer to a very different situation than the ab initio values, and temperature and solvent dependence should also be considered. There is no reason to assume that the NQCC results are less accurate since, as mentioned above, the calculation of NQCC's is in principle less demanding than the calculation of other properties.
Conclusions
With increasing accuracy of the ab initio calculations, theoretical results for NQC tensors and relaxation times are becoming more reliable. Our calculations of 14 N NQCC's and signal linewidths in 1-methyl-tetrazole give a good estimate of the dependence of these properties on the description of electron correlation and size of the basis set. The MCSCF wavefunction gives satisfying results for other NMR properties, and we expect similar if not higher accuracies for the NQCC's. More accurate calculations are presently possible -one can, e. g., use basis sets including over a thousand CGTO's and MCSCF expansions including up to 10 7 determinants. However, it appears that what is mainly needed for comparison with experiment is a description of the effects of the environment (see e.g. [17] ).
In this work, we have restricted ourselves to calculations for single molecular geometries. Further extensions of theory, which yield an estimate of Nuclear Quadrupole couplings in a liquid, are possible. A good illustration is the study of liquid water and liquid neon by Huber [12] , who used molecular dynamics simulations.
Such results can be combined with accurate experimental data from microwave and NMR spectra to analyse the NQC tensors and, once the values for the isolated molecule are known, to estimate and interpret the effects of intermolecular forces in the solution. 
